The bulk Lorentz factor of the gamma-ray burst (GRB) ejecta (Γ 0 ) is a key parameter to understand the GRB physics. Liang et al. have discovered a correlation between Γ 0 and isotropic γ-ray energy:
INTRODUCTION
Gamma-ray bursts (GRBs) are among the most powerful explosions in the universe (Piran 2004; Mészáros 2006; Zhang 2007) . It is well known that GRBs are produced by relativistic outflows. The bulk Lorentz factor during the prompt GRB emission phase (Γ 0 , also called "initial" Lorentz factor to be differentiated from the decaying Lorentz factor during the afterglow phase) is a very important parameter to understand the physics of GRBs. There have been several methods to infer Γ 0 : (1) Taking the peak time of the early afterglow light curve as the deceleration time of the external forward shock, one can estimate Γ 0 , which is twice of the Lorentz factor at the deceleration time (Sari & Piran 1999) . A nondetection of such an afterglow peak time due to a late response time or contamination of other emission components can lead to a lower limit of Γ 0 (e.g. Zhang et al. 2006) . (2) The "compactness problem" constraint (Piran 1999) , i.e., the requirement that GRBs are optically thin to two photon pair production also yields a lower limit on Γ 0 (Lithwick & Sari 2001; Gupta & Zhang 2008; Abdo et al. 2009a,b,c) . (3) During the prompt emission phase, the external shock is already growing (e.g. Maxham & Zhang 2009 ). An upper limit of Γ 0 can be derived from the data based on the requirement that the external shock emission is not bright enough during the prompt emission phase (Zou & Piran 2010) .
Constraining Γ 0 of GRBs and studying their statisti-cal properties is essential to constrain the physical origin of GRB prompt emission (Liang et al. 2010) . In particular, different theoretical models demand different correlations between Γ 0 and E γ,iso or L γ,iso (Zhang & Mészáros 2002) in order to account for the observed E p − E γ,iso correlation (Amati et al. 2002) . By constraining Γ 0 of about 20 GRBs that show the deceleration feature in the early afterglow lightcurves, Liang et al. (2010) discovered a tight correlation between Γ 0 and E γ,iso , i.e. Γ 0 ≃ 182(E γ,iso /10 52 erg) 0.25 . Using a different method to derive Γ 0 , confirmed a correlation between Γ 0 and E γ,iso , but with a different power index 5 . In this paper, we work on an expanded sample and apply more methods to constrain Γ 0 for about 50 GRBs. We test and confirm the Γ 0 −E γ,iso correlation discovered by Liang et al. (2010) , and also investigate a Γ 0 − L γ,iso correlation, where L γ,iso is the mean luminosity of the burst. Since the Γ 0 − E γ,iso correlation was not interpreted in the previous work (Liang et al. 2010) , we also attempt to propose an interpretation in this paper. We derive jet luminosity and baryon loading from a black hole -neutrino-cooling-dominated-flow (NDAF) disk central engine model, and find that this central engine model can naturally account for the Γ 0 − L γ,iso correlation discovered in this paper, and hence, can also interpret the Γ 0 − E γ,iso correlation of Liang et al. (2010) .
We arrange this paper as follows. In Section 2, the methods of Γ 0 derivations based on three methods are 5 The method applies the BlandfordMckee (BM) self-similar deceleration solution (Blandford & McKee 1976) and extrapolates it backwards to derive Γ 0 . However, around the deceleration stage, the dynamics has not entered the BM selfsemilar solution yet. Also the intersection of the two asymptotic power law phases (as adopted by may not correspond to the observed peak time of afterglow light curve. We regard the method not more precise than the conventional method, and still adopt the conventional method to derive Γ 0 in this paper.
summarized. We then apply the methods to the available GRBs on which these methods can be used, and present the Γ 0 − E γ,iso and Γ 0 − L γ,iso correlations in Section 3. In Section 4, a physical interpretation to the Γ 0 − L γ,iso correlation is presented. Our results are summarized in Section 5 with some discussion.
METHODS OF CONSTRAINING Γ 0
We apply three methods to constrain Γ 0 , namely, (A) the afterglow onset method (Sari & Piran 1999) , (B) pair opacity constraint method (Lithwick & Sari 2001) , and (C) early external forward emission method (Zou & Piran 2010) .
Method A is the most common method, which uses the peak of the early afterglow light curve to determine the deceleration time of the external forward shock. In the so-called "thin shell" regime, the initial Lorentz factor Γ 0 is twice of the Lorentz factor at the deceleration time. For a constant density medium, one has
where n is the medium number density, m p is the proton rest mass, η is the ratio between the isotropic gammaray energy and the isotropic blast wave kinetic energy, and t peak is peak time of the afterglow, which is also taken as the deceleration time. The derived Γ 0 is rather insensitive to n and η, but mildly depends on t peak (-3/8 power). If the peak time is not detected, t peak is regarded to be prior to the earliest afterglow observing time (i.e., t obs > t peak ). This gives a lower limit on Γ 0 . Notice that in Eq.
(1), we have taken the coefficient as 1.4 rather than the commonly used 2. This more precise factor comes from two factors: First, the deceleration radius is defined by the condition M = M 0 /Γ dec rather than M = M 0 /Γ 0 (where M is the shocked ISM mass, and M 0 is the original mass of the ejecta), since at this radius, the shocked ISM and the ejecta have the same inertia. Second, instead of adopting r dec ≃ 2Γ 2 dec ct dec , we apply a differential form dr ≃ 2Γ 2 cdt, and numerically integrate it from t = 0 to t = t dec to get r dec = 4.4Γ 2 dec ct dec . Here r dec is the deceleration radius and t dec is the deceleration time, which also corresponds to the peak time t peak .
Method B requires that observed high energy γ-rays (e.g. those in the GeV range) are optically thin to electron-positron pair production with softer target photons in the emission region. This yields a lower limit on the Lorentz factor of the emitting region (Lithwick & Sari 2001) 6 . The lower limit can be obtained by requiring that the observed highest energy photons with energy E max have an optical depth smaller than unity:
6 This method makes the assumption that the GRB emission radius R GRB is related to Γ 0 via R GRB ≃ Γ 2 0 cδT . Some GRB prompt emission models do not satisfy such a condition (e.g. Narayan & Kumar 2009; Zhang & Yan 2011) . The lower limit of Γ 0 cannot be uniquely derived, since the cutoff energy is a function of both Γ 0 and R GRB (Gupta & Zhang 2008) .
where β is the photon spectral index in the MeV band, with a typical value between 2 and 3, D is the luminosity distance, δT is the minimum variability time scale of the prompt emission, and f 1 is the observed number of photons per second per cm 2 per MeV at the energy of 1 MeV (Lithwick & Sari 2001) . We notice that there are a few bursts whose Γ 0 's constrained using this method are inconsistent with those derived from other two methods. Instead, we apply a modified version of Method B, which assumes the high energy emission and the prompt MeV emission are from two different emitting regions Zhao et al. 2011) .
Method C considers the quiescent periods between the prompt emission pulses, in which the signal of external shock has to go down the instrument thresholds. This would place an upper limit on Γ 0 (Zou & Piran 2010) . The constraint of Γ 0 for a uniform density medium is 
where f ν,lim ∼ 10 −28 erg cm −2 s −1 Hz −1 is the limiting flux density of the observing instrument, Y is the Compton parameter for synchrotron self-Compton scattering, ǫ e is the equipartition factor for internal energy density of electrons, ǫ B is the equipartition factor for the magnetic energy density, and t ⊕ is the first quiescent time in the observer's frame, and ν is the observing frequency. In this paper, we take the conventional notation Q = Q k × 10 k if not specified.
SAMPLE SELECTION AND CORRELATIONS
Using the methods above, we can constrain Γ 0 for the bursts with enough observational data. The parameters of 51 GRBs in our sample are presented in Table 1 , which include spectroscopically confirmed redshift (z), burst duration (T 90 ), derived initial Lorentz factor Γ 0 , isotropic γ-ray energy (E γ,iso ), and isotropic mean γ-ray luminosity (L γ,iso ≡ (1 + z)E γ,iso /T 90 ). Within the sample, 38 GRBs have Γ 0 calculated using Method A (Refs a, b and d in Table 1 ). As methods B and C can only get a range for the derived Lorentz factor, the fit for the relations of Γ 0 − E γ,iso and Γ 0 − L γ,iso are from these 38 GRBs only.
With the data listed in Table 1 , a correlation analysis between log Γ 0 and log L γ,iso data set yields a Pearsons correlation coefficient with ζ = 0.79, which is tighter than the log Γ 0 − log E γ,iso correlation with ζ = 0.67. We plot Γ 0 versus E γ,iso and L γ,iso in Fig. 1 and Fig. 2 , respectively. Visibly one can see a strong correlation in both plots. The best fitting results are: log Γ 0 = (1.96 ± 0.002) + (0.29 ± 0.002) log E γ,iso,52 (5) with ζ = 0.67, and log Γ 0 = (2.40 ± 0.002) + (0.30 ± 0.002) log L γ,iso,52 (6) with ζ = 0.79.
These correlations can be translated to
and
It can be seen that the Γ 0 −E γ,iso correlation discovered by Liang et al. (2010) is confirmed. The smaller coefficient (91 instead of 182) is mainly caused by the smaller (but more precise) factor 1.4 (rather than 2) in Eq.(1). We also found a tighter Γ 0 − L γ,iso correlation, suggesting that it may be more intrinsic than the Γ 0 − E γ,iso correlation. As Γ 0 , E γ,iso and L γ,iso are all z-dependent quantities, there might be a selection effect involved so that the correlation may not be intrinsic (Butler et al. 2009 ). In order to test this possibility, we study the Γ 0 − L γ,iso relation with the following procedure: 1. We randomly produce a set of redshifts according to the GRB z-distribution given by Wanderman & Piran (2010) ; 2. assign these random artificial redshifts to the bursts to replace the observed ones; 3. calculate the Γ 0 and L γ,iso according to the artificial redshifts; 4. calculate the correlation coefficient ζ of log Γ 0 − log L γ,iso correlation for each realization; 5. redo step 1 through 4 10000 times, and get a distribution of correlation coefficient; 6. compare the most probable coefficient with the coefficient generated from the real data. The most probable coefficient from our simulations is 0.63, which is clearly smaller than the one derived from the real data, ζ = 0.79. This means that the Γ 0 − L γ,iso relation is likely intrinsic, not caused by a selection effect from zdependence parameters.
We notice two outliers to both correlations: GRB060614 and GRB080129, whose Γ 0 's are derived using Method A from a late optical bump, which lead to Γ 0 < 100 for both cases. It is possible that these bumps are caused by other mechanisms (e.g. energy injection, Xu et al. 2009 ). If this is the case, the derived Γ 0 for the two bursts can be regarded as lower limits.
THEORETICAL INTERPRETATION
The most popular model of GRB central engine invokes a stellar mass black hole surrounded by a hyperaccreting disk (e.g. Popham et al. 1999; Narayan et al. 2001; Di Matteo et al. 2002; Kohri & Mineshige 2002; Gu et al. 2006; Chen & Beloborodov 2007; Janiuk et al. 2007; Lei et al. 2009 ). In the inner region of such a hyperaccretion disk a large amount of energetic neutrinos are emitted, carrying away the viscous dissipation energy of the accreted gas. If the accretion rate is not too low, neutrino annihilation (νν → e + e − ) can launch a relativistic jet powerful enough to account for the GRB.
For a system with black hole mass M and spin a * , the neutrino annihilation powerĖ νν from the hyperaccretion disk depends on the accretion rateṀ (forṀ ign <Ṁ < M trap ) as (Zalamea & Beloborodov 2011),
where M 3 = M/3M ⊙ ,ṁ =Ṁ /M ⊙ s −1 , x ms ≡ r ms (a * )/r g , and r g = 2GM/c 2 . Here r ms is the radius of the marginally stable orbit, which is a function of the black hole spin a * (Page & Thorne 1974) . We have x ms = 0.97 for a * = 0.95. The two critical accretion rateṡ M ign andṀ trap are defined in Zalamea & Beloborodov (2011) . IfṀ <Ṁ ign , the disc temperature is not high enough to ignite neutrino emitting reactions. Iḟ M >Ṁ trap , the emitted neutrinos become trapped in the disc and advected into the black hole. For the disk with viscosity α = 0.1, we findṀ ign = 0.
andṀ trap = 1.8M ⊙ s −1 for a * = 0.95. Most neutrino annihilation energy is converted into kinetic energy of baryons after acceleration, and the jet reaches a Lorentz factor
whereṀ ν is the neutrino-driven mass loss rate from the disk. The mass loss rateṀ ν is related to the total neutrino powerĖ ν through (Metzger et al. 2008 )
where r 6 = r/10 6 cm,Ė ν,52 =Ė ν /10 52 erg s −1 , ǫ ν = ǫ 10 × 10MeV is the mean energy of neutrinos, and h is the halfthickness of disk. For a * = 0.95, the total neutrino power from the disk isĖ ν ≃ 0.15Ṁc 2 (Chen & Beloborodov 2007) .
For a neutrino dominated accretion flow (NDAF), both ǫ ν (which is a function of disk temperature) and h are independent of the accretion rateṁ. This result can be checked with the analytical solution of hyper-accreting disk obtained by Popham et al. (1999) νν . The relativistic jet with Lorentz factor Γ 0 will dissipate its kinetic energy via internal shocks with efficiency η and produce gamma-ray emission, i.e., L γ ≃ η γĖνν . Assuming a constant η γ for all GRBs, one can get Γ ∝ L 7/27 γ . In order to connect L γ and L γ,iso , one needs to further take into account the beaming correction, i.e.
bĖ νν , where f b ≪ 1 is the beaming factor.
The general dependence of f b on the properties of central engine is unknown. However, one can gain insight directly from observations. Following Amati et al. (2002 Amati et al. ( , 2006 Amati et al. ( , 2008 , the relationship between the isotropic equivalent energy radiated during the prompt phase (E γ,iso ) and the rest-frame peak energy in the GRB spectrum
γ,iso . By combining it with the Girlanda relation Ghirlanda et al. 2004) , where the beaming-corrected energy E γ = f b E γ,iso , we obtain the relation between f b and E γ,iso as
γ,iso . One can see that f b is very insensitive to L γ,iso and E γ,iso . Now we can obtain the relation between Lorentz factor Γ 0 and the isotropic luminosity L γ,iso based on the above scalings, i.e.
In view of the large scatter of the applied empirical Lü et al.
Amati-and Ghirlanda-correlations, we regard that this theoretically motivated correlation agrees with the statistical correlation (8).
CONCLUSIONS AND DISCUSSION
By including more recent GRBs and by engaging more methods to constrain Γ 0 , we have critically reanalyzed the statistical correlation between Γ 0 and E iso (Liang et al. 2010) . We confirmed the correlation and found Γ 0 ≃ 91E 0.29 γ,iso,52 . Furthermore, we found an even tighter correlation between Γ 0 and the mean isotropic γ-ray luminosity, which reads Γ 0 ≃ 249L 0.30 γ,iso,52 . We also proposed an interpretation to the Γ 0 ∼ L 0.30 iso correlation within the framework of a black hole -NDAF disk GRB central engine model. By invoking a neutrinoannihilation powered jet and by calculating baryon loading from a neutrino-driven wind, we get a Γ 0 ∝ L 7/27 γ correlation. Further considering the beaming factor f b , which is insensitive to L γ,iso as evidenced from the empirical Amati and Ghirlanda correlations, we finally derived Γ 0 ∼ L 0.22 γ,iso . In view of the large scatter of various correlation, we regard that this model prediction is well consistent with the observed Γ 0 − L γ,iso correlation.
The existence of the Γ 0 − L γ,iso and Γ 0 − E γ,iso correlations and the success of interpreting them within the black hole -NDAF central engine model hint that the GRB central engine is likely a hyper-accreting black hole. The interpretation invokes a neutrino-annihilationpowered jet, which is justified for a reasonably high accretion rate and a not very rapid black hole spin (W.-H. Lei & B. Zhang 2011, in preparation) . On the other hand, recently arguments have been raised to support a magnetically dominated jet from GRBs (e.g. Zhang & Pe'er 2009; Fan 2010; Zhang & Yan 2011) . Studies of the black hole central engine models also suggest that magnetic fields play an important role (e.g. Lei et al. 2009 ). The baryon loading process in a magnetically dominated jet is more complicated, and has not been studied carefully in the literature. Whether the Γ 0 −L γ,iso correlation can be still interpreted in a magnetized black hole central engine model (e.g. Blandford & Znajek 1977; Mészáros & Rees 1997; Wang et al. 2002; Yuan & Zhang 2011 ) is subject to further investigations.
Since only one short GRB (090510) is included in our sample, our correlations and interpretation apply to long GRBs only.
Recently, Wu et al. (2011) discovered an intriguing universal correlation between synchrotron luminosity and Doppler factor for GRBs and blazars. Our interpretation cannot be extended to blazars, since the accretion rate inferred from blazars are not in the NDAF regime. If indeed the two phenomenon share the same physics, then the correlation may stem from a more profound physical origin, which is beyond the scope of this paper.
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